The effect of heat treatment on ordered structures and mechanical properties of Fe-6.5 mass%Si alloy is studied. It is revealed that the cooling rate has a great influence on ordering type and degree, and furthermore on ductility and micro-hardness of the alloy. Cooling in furnace leads to the development of B2 and D0 3 orderings, while quenching in water can suppress the formation of the D0 3 phase, and prevent the growth of the B2 phase. The long range order parameter (LROP) decreases with increasing the cooling rate from the disordered region, and consequently the ductility of the alloy increases and the micro-hardness decreases, which is helpful for the cold-rolling deformation. Anti-Phase Boundaries (APBs) are also examined and discussed here with concern to the long range order parameter.
Introduction
Silicon steels are widely used as core materials in transformers, motors and power generators. Compared with conventional silicon steel (Si content¯3.5 mass%), Fe-6.5 mass%Si alloy exhibits excellent soft magnetic properties. 1) For example, by increasing the Si content from 3 to 6.5 mass%, the specific resistivity increases from 48 to 82 µ³·cm which results in a significant reduction in the eddy current loss, and the magnetostriction is decreased to almost zero 2) which is beneficial to suppressing vibrational noise. However, the appearance of ordered phases in the Fe-6.5 mass%Si alloy, i.e. B2 (P m3m ) and D0 3 (F m3m ), 3, 4) induces an embrittlement at room temperature and makes it difficult to be fabricated into thin sheet by conventional rolling processes.
The effects of Si content and cooling rate on ordering reaction in the Fe-Si alloys have been reported.
57) It is found that some ordering reaction can be suppressed by reducing the Si content or increasing the cooling rate. Up to about 5.3 mass% Si, the B2 structure is formed. With further increase of the Si content, the D0 3 structure starts to appear. Therefore, in order to avoid the embrittlement in the fabrication of the Fe-6.5 mass%Si sheets, low Si (Si content¯3.5 mass%) steel sheets are produced firstly by conventional rolling method, and then the Si content is increased by means of chemical vapor deposition (CVD) 8) or hot dipping, 9) and followed by diffusion annealing. The cooling rate is also revealed to influence the ordering reaction in the Fe-6.5 mass%Si alloy.
1013) A2 ¼ B2 reaction cannot be suppressed, while B2 ¼ D0 3 can be inhibited by a high cooling rate. Based on this principle, methods such as rapid solidification 14, 15) and spray forming 16) have been developed to avoid the embrittlement at room temperature to produce the thin sheets. Mechanical properties of the sheet are relatively good, but these methods are not suitable to produce wide sheets on commercial scale.
Although this alloy is extremely brittle and is hard to be deformed due to the ordered phases, its ductility can be improved by decreasing the degree of ordering. Foils with 0.05 mm thick were successfully fabricated by hot-warm-cold rolling combined with appropriate heat treatments in our previous studies. 17, 18) In the manufacturing process, the warm rolled sheets were heat treated before cold rolling, and the heat treatment would directly influence the cold workability of the alloy.
In order to make clear how the ordering changes and then what is the impact on mechanical properties under different heat treatment conditions, Fe-6.5 mass%Si alloys are annealed at disordered region (above 760°C) and cooled with different rate in different medium (water, air and furnace). Their tensile properties and micro-hardness are tested, and the result will be of instructional significance to the practical production of Fe-6.5 mass%Si alloy sheets.
Experimental Methods
The Fe-6.5 mass%Si alloy ingot was made from industrial pure iron (99.5% Fe purity) and metallic silicon (99% Si purity) in a vacuum induction furnace at medium frequency. After homogenization at 1100°C for 50 h, the ingot was forged into 20 mm thick flans at 8001100°C. Subsequently, the forged flans were hot rolled to 1 mm at 8001000°C, and then warm rolled to 0.3 mm at 350750°C.
Specimens after warm rolling were cut and heat treated at 900°C for 30 min, and followed by three different cooling methods, i.e. quenching to water, air cooling and furnace cooling. The specimens for transmission electron microscopy (TEM) analysis were prepared by electropolishing in a solution of 5% perchloric acid and 95% ethanol at a voltage of 30 V at ¹30°C. The thin foils were examined in a JEM-2100 operating at 200 KV.
The structures of the samples with different heat treatments were also studied by X-ray diffractometer (XRD, Rigaku D MAX -RB 12 KW). The long range order parameter (LROP) was calculated from the experimental and theoretical diffraction intensity ratio.
The 0.3 mm thick warm rolled sheets were heat treated at 850°C for 10 min, followed by three different cooling methods as above. According to the Fe-Si phase diagram (Fig. 1) , the Fe-6.5 mass%Si alloy is disordered above 760°C, so the ordered structures with heat treatment at 850°C and 900°C are similar. The mechanical properties were investigated by means of tensile test and microhardness. The room temperature and intermediate temperature (200°C) tensile tests were performed on CM75105 and DDL50 electronic universal testing machine respectively with a strain rate of 10 ¹4 /s, and the fracture surfaces were checked by scanning electron microscopy (SEM, ZEISS SUPRA 55). The micro-hardness was determined on hardness indenter MH-6 with a load of 200 g for 10 s.
Results

Effect of heat treatment on ordered structures
Figures 24 are the TEM micrographs of Fe-6.5 mass%Si alloy heat treated at 900°C for 30 min and then cooled by different methods (quenching, air cooling and furnace cooling respectively). With the increase of cooling rate, D0 3 ordered phase becomes smaller and less, and finally disappeared in the condition of quenching. Meanwhile, the B2 structure is reduced in size and cannot be inhibited even by quenching. Figure 2 shows the TEM micrographs of the quenched sample. Figure 2 (a) is the selected area electron diffraction (SAED) pattern along [011] zone axis, and the dark field image of B2 is obtained using (200) diffraction spot, as shown in Fig. 2(b) . The B2 domains are finely granular, and its average size is about 40 nm. In addition, D0 3 ordered phase is not found in the quenched sample. Figure 3 shows the SAED pattern along [011] zone axis and the dark field images of the air cooled sample. Unlike the quenched one, the superlattice diffraction spots in the SAED pattern for air cooled sample are bright and clear. Figure 3 (b) is the (200) dark field image presenting the B2 ordered structure. The B2 domains become larger than those in Fig. 2(b) . The B2 domain size is about 500700 nm. The smoothly curved anti-phase boundaries (APBs) can be clearly observed. Figure 3 (c) is the (111) dark field image presenting the D0 3 ordered structure, and it is from the same area as Fig. 3(b) . It can be seen that the D0 3 phase begin to nucleate within the B2 domains and its domain size is small (average size of 10 nm). Figure 4 presents the SAED pattern along [011] zone axis and the dark field images of the furnace cooled sample. It can be found that the B2 domains are even coarse, and D0 3 domains also have been well developed as shown in Fig. 4 (b) and (c), respectively. The sizes are 15003000 nm for B2 and 50 nm for D0 3 domains.
The variation of domain size with respect to cooling method is summarized in Fig. 5 . It is clear that the cooling rate has a great influence on the type and size of the ordered structures in Fe-6.5 mass%Si alloy. Quenching can suppress the generation of D0 3 , but is not able to inhibit the formation of B2, and as the cooling rate decreases, the domain size increases dramatically. For the furnace cooled sample, both kinds of the orderings are developed fully.
The X-ray diffraction patterns for different heat treatment conditions are presented in Fig. 6 . Diffraction peaks for the B2 structure can be observed for the air and furnace cooled samples and are faint for the quenched sample.
The degree of order after different heat treatments can be quantified by determining the long range order parameter (LROP) from the intensities of a superlattice reflection and a fundamental reflection:
where I s and I f are the intensities of the superlattice reflection and fundamental reflection peaks in the experimental alloy, I s 0 and I f 0 are the intensities of the same peaks in a fully B2 ordered specimen and # 26-1141 in the JCPDS card is referenced. It is well known that the relative intensity of a reflection peak is influenced by the texture in bulk samples, so the (200) superlattice reflection and (400) fundamental reflection are used here to eliminate the effect of texture. The LROP are calculated and listed in Table 1 . It can be seen from these data that the lower cooling rate leads to higher LROP. This result demonstrates that quenching and air cooling can effectively reduce the degree of order compared with furnace cooling.
Effect of heat treatment on mechanical properties
A further step is carried out to investigate the influence of heat treatment on mechanical properties of the 0.3 mm thick warm rolled Fe-6.5 mass%Si sheets. Figure 7 presents the optical microstructures of the warm rolled sheets before and after being preserved at 850°C for 10 min and followed by different cooling methods (quenching, air cooling and furnace cooling respectively). It is observed that the grains are elongated after warm rolling, and remain almost the same after heat treatments. As for the ordered structures, they are similar to those cooled by the same method from 900°C. The room temperature and intermediate temperature (200°C) tensile properties are tested, and the tensile curves are shown in Fig. 8 . On the whole, the original warm rolled Fe-6.5 mass%Si sheet has higher yield strength and low ductility owing to the serious work hardening. For the heat treated alloys, the furnace cooled one has nearly no ductility whether at room or intermediate temperature, while the quenched and air cooled ones exhibit almost the same and relatively good ductility under both of the conditions. And the elongation reaches about 0.65% at room temperature and 15% at 200°C. Figure 9 shows the fracture surfaces of the Fe-6.5 mass%Si alloy after tensile tests at 200°C. The quenched and air cooled samples give the similar fracture mode as a mixture of brittle cleavage and ductile dimple fracture ( Fig. 9(a) and (b) ). However, the furnace cooled sample exhibits typically brittle cleavage fracture. Specifically, it is a mixture of intragranular fracture and intergranular fracture, as shown in Fig. 9(c) . The fracture behaviors of Fe-6.5 mass%Si alloy with different heat treatment conditions are in coincidence to their respective mechanical performance.
Micro-hardness of the warm rolled Fe-6.5 mass%Si sheets before and after heat treatment is investigated and compared in Fig. 10 . It can be seen that the warm rolled sheet presents very high micro-hardness because of serious work hardening, Fig. 7 Optical microstructures of 0.3 mm thick Fe-6.5 mass%Si sheets before and after heat treatments: warm rolled (a), and heat treated at 850°C followed by quenching (b), air cooling (c), and furnace cooling (d). and the micro-hardness decreases obviously after the heat treatment, especially after water quenching. It can be found that fast cooling rate is helpful to soften the sheets and improve the cold workability of Fe-6.5 mass%Si alloy.
Discussion
The Fe-6.5 mass%Si alloy is of A2 structure (disordered solid solution with bcc lattice) above 760°C. With the decrease of temperature, B2 ordered structure is formed from A2 structure with unlike-atom paring as the nearest neighbors. Further decrease of temperature leads to an additional ordering between the next nearest neighboring atoms, causing the formation of the D0 3 ordered phase, which nucleates within the existing B2 domains. 21) Heat treatment with slow cooling rate is helpful for the ordering transformation. For the furnace cooled sample, the ordering process develops sufficiently, and the domain size of B2 and D0 3 phases are larger than that in the air cooled sample, as shown in Figs. 3 and 4 . However, during the quenching process, the formation of D0 3 structure is inhibited. The nucleation of B2 from A2 is unavoidable, but its growth is suppressed and the domain size is really small. Through the calculation of LROP, it is found that the quenched and air cooled samples have lower value than the furnace cooled one as shown in Table 1 . As the atom arrangement near APB is disordered, thereby the ordering degree is affected by the density of APBs. Meanwhile, the size of the domain determines the density of APBs. Therefore, the degree of ordering is related to the domain size. Smaller domain size corresponds to larger APB density, and thus to the smaller LROP.
For the Fe-6.5 masss%Si alloy, the appearance of ordering would cause the material brittle. It is well known that the dislocation configuration in ordered alloys is different from that in disordered ones. The passage of an ordinary dislocation through an ordered lattice creates additional APB across the slip plane, which increases the energy of the system. Therefore, dislocations tend to move in pairs in ordered alloy so as to decrease the APB energies. This is the so-called superlattice dislocations. In B2 ordered structure, a perfect superlattice dislocation is comprised of two aA/4 ©111ª type ordinary dislocations (aA = 2a where a is the lattice parameter of the disordered phase) bound together with a ribbon of APB. While in D0 3 , a perfect superlattice dislocation consists of four aA/4 ©111ª type ordinary dislocations connected by three ribbons of APBs. 22, 23) Obviously, the movement of dislocations in D0 3 structure needs higher activation energy to be started and the slip resistance in D0 3 is greater than that in B2 structure.
The dislocations in the tensile-deformed Fe-6.5 mass%Si alloys are studied in further by TEM. Figure 11(a) shows the bright field image of dislocations in the quenched sample. During the tensile deformation, sub-boundaries form in the grain as the arrow indicated in Fig. 11(a) . Meanwhile, dislocations can easily pass through the sub-boundary, avoiding the accumulation of the dislocations. However, the dislocation distribution in the furnace cooled sample is quite different. Dislocation networks and stacking faults prevail in the grain. Figure 11(b) shows the dislocation Effect of Heat Treatment on Ordered Structures and Mechanical Properties of Fe-6.5 mass%Si Alloynetworks around the grain boundary in the furnace cooled sample. It can be seen that the dislocations tend to accumulate around the boundary, leading to a thick dislocation layer. This thick network further hinders the dislocations slipping toward the grain boundary, making the stress hard to be delivered to the neighbor grains, which is detrimental to the compatible deformation. In addition, the dislocation networks are also observed within the grain, as shown in Fig. 11(c) . The dislocation networks are likely to be immobile, and are aggregated to form subgrain walls. It is reported by D. G. Morris, 24) who studied the mechanical behavior of Fe 3 Al alloys with heavily deformation, that the dislocation networks in subgrain boundaries can be strong obstacles to deformation. Therefore, besides being around the grain boundaries, the stress is also easily concentrated within the grain. The serious stress concentration will cause the generation of microcracks in the grain and boundary, leading eventually to intragranular and intergranular fracture in the furnace cooled Fe-6.5 mass%Si alloy.
The dislocation network is seldom observed in the quenched sample, which fully illustrating that the dislocations slip easier and have more mobility in quenched sample than in the furnace cooled one. It also demonstrates that the D0 3 ordered structure is more harmful to the ductility of the alloy, and the occurrence of D0 3 is the origin for the brittleness of furnace cooled sample. Though the D0 3 ordering develops during the air cooling process, the ductility of the air cooled sample is not damaged because of its really small domain size and low content.
Furthermore, the dislocation configuration in ordered alloys critically depends on the APB energies, which are determined primarily by the alloy composition, and then by the degree of order. 25) As for Fe-6.5 mass%Si alloy, the reduced degree of order decreases the actual APB energies, and then reduces the slip resistance. It is clear that the quenched and air cooled samples have lower LROP, and this is another reason for the quenched and air cooled samples have better ductility than the furnace cooled one.
From the above analysis, it can be concluded that the type of ordering is the primary factor that influences the mechanical properties of Fe-6.5 mass%Si alloy. The occurrence of D0 3 decreases the mobility of dislocations and easily cause stress concentration both within the grain and around the boundaries, which reduce the ductility dramatically. For the same ordered structure, degree of order is another factor that affects the ductility. With lower degree of order, e.g. with smaller domain size or larger APB density, the ductility of the alloy is improved and the hardness of the alloy is reduced, which is beneficial to the next step deformation. Therefore, the heat treatment with quenching or air cooling method after warm rolling can not only remove work hardening, but also avoid the embrittlement of the material. It is an important step to ensure the success of the cold rolling process.
Conclusions
(1) The heat treatment has a great influence on the ordered structures in Fe-6.5 mass%Si alloys. In comparison with the air cooling and furnace cooling conditions, quenching can inhibit the formation of D0 3 , and suppress the growth of B2 ordering. With the cooling rate decreasing, the domain size tends to increase rapidly, and the degree of order is increased simultaneously. (2) High cooling rates after annealing, e.g. quenching and air cooling methods can improve the ductility and soften the Fe-6.5 mass%Si alloy due to the suppression of D0 3 and the low ordering degree. (3) In the furnace cooled sample, D0 3 ordering decreases the mobility of dislocations. Dislocations tend to form networks within the grain or around the boundaries, which impedes the slip of dislocations and easily cause stress concentration. While in the quenched sample, the dislocations have more mobility, and can pass through the sub-boundaries easily. 
